Introduction
[2] Estimation of slip rates and other fault parameters from geodetic data requires assumptions about the rheology of the crust and upper mantle, to account for recoverable strain accumulation during the interseismic phase of the earthquake cycle. Elastic dislocation models are often used, as they are easy to implement and fit most geodetic data quite well. However, these models do not account for earthquake cycle effects and viscoelastic behavior of the lower crust and upper mantle [e.g., Nur and Mavko, 1974; Thatcher, 1983; Cohen, 1984; Pollitz and Sacks, 1992; Dixon et al., 2003] . In this paper we investigate earthquake cycle effects on the geodetically determined deformation field around the Wasatch fault, an active, west-dipping normal fault on the eastern boundary of the Basin and Range province in western North America (Figure 1 ). The Wasatch fault is ideal for such studies: it has been well studied with paleoseismic techniques [McCalpin and Nishenko, 1996] and some constraints on crustal and upper mantle rheology are available.
[3] GPS data define a broad zone of deformation across the eastern Basin and Range [Bennett et al., 1998 [Bennett et al., , 2002 . Conventional terrestrial geodetic data near the fault [Savage et al., 1992] and GPS data up to 275 km from the fault (Figure 2 ) are well fit with simple elastic dislocation models, each requiring several mm/yr of slip on the Wasatch fault, in reasonable agreement with Holocene geologic observations [Friedrich et al., 2003] . However, such models may misfit geodetic data farther from the fault, implying additional active structures, unmodelled processes, mismodelled rheology, or some combination. Here we show that available near-and far-field GPS data can be simultaneously fit by a simple model with realistic rheology, without appealing to additional active structures or processes, accounting for earthquake cycle effects and honoring available paleoseismic data.
Paleoseismologic and GPS Data
[4] The last major earthquake on the Salt Lake segment of the Wasatch fault occurred at 1230 ± 62 yr BP [McCalpin and Nishenko, 1996] . The weighted mean of the recurrence interval for the last four events on this segment (last 5600 years) is 1340 years. While a strictly periodic recurrence model here is an oversimplification (repeat times for individual Wasatch fault segments vary by up to a factor of two, and temporal clustering may occur; McCalpin and Nishenko [1996] ) these data suggest that the fault is in a late stage of its earthquake cycle.
[5] Space geodetic data from sites west of the Wasatch fault and east of the Central Nevada seismic belt (Figure 1) show mainly west-directed motion relative to stable North America [Dixon et al., 1995 [Dixon et al., , 2000 Bennett et al., 1998 Bennett et al., , 2002 Thatcher et al., 1999] . We used the west velocity components of continuously operating GPS sites that span the Wasatch fault at a latitude of about 39°N [Bennett et al., 2002] as far west as 115°W. Sites west of this may be affected by recent activity on other faults in the Central Nevada Seismic Belt (Figure 1 ). The resulting transect spans approximately 300 km, normal to the strike of the Wasatch fault. Although individual Wasatch fault segments are shorter than this (e.g., the Salt Lake segment is $50 km long) all segments have similar strikes, and segments adjacent to the Salt Lake segment (Brigham City and Weber segments to the north, Provo and Nephi segments to the south, spanning a total of $300 km strike length) all ruptured more than 600 years ago (i.e., all are in relatively late stages of their earthquake cycle) suggesting that simple GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 13, 1673 , doi:10.1029 /2003GL017408, 2003 Copyright 2003 by the American Geophysical Union.
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2-D models can provide useful approximations to the full 3-D problem.
Finite Element Models
[6] We model the surface velocity field associated with a normal fault locked during the interseismic period, using the finite element code TECTON [Melosh and Raefsky, 1980; Govers, 1993] . We use a two-dimensional implementation [Govers and Meijer, 2001] (Figure 2 ), incorporating rheological layering and earthquake cycle effects. The rectangular model domain is parallel to the extension direction, extending 400 km east of the fault, and 250 km to 400 km west of the fault (boundaries closer than 250 km contribute edge effects to the solution). The model domain is 70 km thick, representing the crust and most of the lithospheric mantle. The bottom boundary is free to move, to accommodate coseismic and post-seismic effects that may propagate to that depth. An elastic upper crust overlays two Maxwell viscoelastic layers (lower crust and upper mantle). The elastic layer is 25 km thick east of the Wasatch fault (Colorado Plateau) and 10 km thick west of the fault (Basin and Range) representing flexural rigidity differences suggested by gravity and topography data [Lowry and Smith, 1994] . We ran two classes of models, one with laterally uniform viscosity in the lower crust and upper mantle, and the other with non-uniform viscosities on each side of the fault consistent with regional studies [Lachenbruch and Sass, 1978; Arabasz et al., 1980; Bodel and Chapman, 1982; Smith and Bruhn, 1984; Blackwell et al., 1998; Bills et al., 1994] . In the uniform model, the elastic layer overlies Maxwell viscoelastic material with a viscosity of 10 19 Pa-s to a depth of 35 km, and 10 20 Pa-s from 35 to 70 km. In the laterally varying model, the viscosity at a given depth is one order of magnitude lower west of the fault compared to east of the fault (Figure 2 ).
[7] Friedrich et al.
[2003] describe five active faults on the eastern boundary of the Basin and Range up to about 85 km west of the Wasatch fault, but the Wasatch fault accommodates the majority of displacement during Holocene time. All of these faults are represented in the elastic half space model (Figure 3) . However, published continuous GPS data and our finite element models are too coarse to distinguish slip on these closely spaced faults. The finite element models represent this deformation as a single fault.
[8] Finite element faults are implemented using split nodes [Melosh and Raefsky, 1981] . During the interseismic period, the fault is fully locked from the surface to the base of the elastic layer (10 km). Earthquakes are simulated by unlocking the fault for one time step, and displacing the crust on either side of the fault by 4 meters, consistent with paleoseismic data [McCalpin and Nishenko, 1996] . The earthquake is repeated with a recurrence interval such that the amount of coseismic displacement is equal to the total far field displacement. In our analysis we evaluated surface displacement after the third earthquake in the cycle; using the fourth or fifth earthquake made a negligible difference in results. However, we cannot preclude the possibility that multiple (>10) earthquakes could change the results presented here. Fault dip was fixed at 45°. We also tested dips between 30-60°. Differences in the surface velocity field near the fault occur early in the earthquake cycle for different fault dips, but results differed insignificantly from those presented here for late stages in the earthquake cycle.
[9] Gravitational effects need to be considered since density contrasts (e.g., free surface, Moho) are displaced vertically during faulting. The resulting isostatic restoring forces are simulated using Winkler restoring pressure [Williams and Richardson, 1991] applied at the surface and the base of the upper viscoelastic layer. During the interseismic period the model is loaded by a velocity boundary condition on the western end while the eastern side, assumed to move with stable North America, is fixed. The velocity boundary condition (equivalent to the fault's long term slip rate) and block dimension are adjusted to fit the observed GPS data. Block dimension represents the region over which the strain field is dominated by the Wasatch fault; qualitatively, it can be considered to represent the distance where the fault's far field velocity is equivalent to the longterm slip rate. For the transect considered here, the velocity field starts to be influenced by the Central Nevada Seismic Belt about 400 km west of the fault (Figure 1) . We considered block dimensions in the range 250 -400 km west of the fault, and tested a range of slip rates equivalent to the summed Holocene rate on the Wasatch fault and nearby faults plus uncertainties. Friedrich et al. [2003] obtain a vertical rate for the Wasatch fault of 1.7 ± 0.5 mm/yr averaged over the last 5600 years, and a total vertical rate of 2.7 mm/yr for the five active faults in the region (Wasatch, West Valley, Oquirrh, Stansbury, and Skull Valley) , with a total uncertainty of approximately 1.0 mm/yr assuming individual fault rates each have an uncertainty of 0.5 mm/yr. The corresponding horizontal rate depends on fault dip. For a typical normal fault dipping at 60°, the corresponding horizontal rate would be 1.6 mm/yr. However, there is some evidence that the Wasatch fault is a listric (low angle) fault. If all faults dipped at 30°, the summed horizontal rate would be 4.7 mm/yr. We considered rates in the range 2.0 -5.0 mm/yr.
[10] A Wasatch fault earthquake was prescribed at a model time equivalent to 1200 years BP, and run to the present, consistent with paleoseismic constraints. Figure 3 shows the available GPS data and the predicted velocity fields for both uniform and laterally varying rheology models, with rates of horizontal extension between 3.0-4.5 mm/yr. Both classes of model provide acceptable fits to the data. We tested other combinations of elastic layer thicknesses (10 -25 km) including a uniform thickness on each side of the fault, and different viscosities. Although details of the resulting surface velocity field differed, a common feature in all models is that high surface velocity gradients are observed near the fault in the early part of the earthquake cycle (first $100 yrs), and then decrease as the stress relaxes, yielding an essentially linear (low gradient) velocity field in the last $75% -85% of the earthquake cycle (Figure 4 ). While the Maxwell relaxation time depends on rigidity and viscosity, both assigned values in our model, the earthquake recurrence time for the Wasatch fault is sufficiently long, and the last earthquake so long ago, that for all reasonable values of rigidity and viscosity, near-field earthquake effects are completely relaxed at present, leading to low strain rates and essentially linear velocity gradients over a broad region. 
Discussion
[11] Our results are consistent with paleoseismic rate estimates for the Wasatch fault and nearby faults spanning the last 5600 years [Freidrich et al., 2003] . Models with a range of slip rates (3.0 -4.5 mm/yr), dips (30°-60°) and block dimensions fit the geodetic data about as well. This emphasizes the non-uniqueness of geodetic data for studies of faults late in the earthquake cycle, when velocity gradients may be low (in fact a straight line fits the data about as well as any of our models). It also suggests the importance of considering earthquake cycle effects and incorporating geologic and paleoseismic constraints when interpreting GPS or other geodetic data.
[12] Dixon et al. [2000] reported that a site in the central Basin and Range, ELYA, moves west relative to stable North America at 3.2 ± 1.2 mm/yr, and suggested that this represents an upper limit to the current rate of horizontal extension across the Wasatch fault. In the absence of additional active faults in the eastern Basin and Range, ELYA's velocity should approximate the longer term (e.g., Holocene) slip rate on the Wasatch fault, as it is far enough away from the fault to be essentially unaffected by elastic strain accumulation and seismic cycle effects. This ''boundary zone deformation'' model is consistent with observed patterns of seismicity, indicating significant activity around the Wasatch fault and relative quiescence in the Basin and Range interior (Figure 1) . Alternately, if numerous additional active faults are present throughout the eastern Basin and Range (diffuse deformation model), ELYA's velocity represents the summed velocity contribution of all of these faults. The approximately linear, low velocity gradient observed in eastern Basin and Range GPS data might be interpreted as consistent with the latter (diffuse deformation) model. However, both the elastic dislocation model and viscoelastic finite element models (Figure 3 ) support a boundary zone deformation model, in agreement with Holocene paleoseismic data and previous models incorporating terrestrial geodetic data [Savage et al., 1992] . Thus a broad zone of deformation may be consistent with a narrow zone of active faulting, depending on earthquake cycle stage.
